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researchers and will hopefully suggest new experiments
to test and expand the approach.
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Signaling?
Acyl-amino acids were discovered in the search for
novel therapeutic agents produced by uncultured mi-
croorganisms. In this issue of Structure, VanWagoner
and Clardy (2006) find that the N-acyl-amino acid
synthase FeeM bound to acyl-tyrosine is the latest
member of the GCN5-related N-acyltransferase super-
family.
Acyl-amino acids were discovered in bacteria as bio-
synthetic products of cloned bacterial operons that had
been ectopically expressed in E. coli (Brady et al., 2002).
However, their functions in vivo remain unclear. A new
study by Van Wagoner and Clardy (2006) reveals the
structure and mechanism of the enzyme, FeeM, which
produces acyl-tyrosine during the process of amino
acid enol ester synthesis via the fatty acid enol ester
(fee) operon (Brady et al., 2002, 2004). The authors dis-
cuss the role of acyl-tyrosine as an antibiotic and sug-
gest a possible novel role in cell-cell signaling.
The structure of FeeM in complex with a fortuitously
bound acyl-tyrosine (Van Wagoner and Clardy, 2006)
(Figure 1A) strongly resembles the GCN5-related
N-acyltransferase (GNAT) superfamily. This superfamily
includes the N-acetyltransferases (Figure 1B) (reviewed
in Clements and Marmorstein, 2003; Vetting et al., 2005)
and the acyl-homoserine lactone (AHL) synthases
(Figure 1C) (Gould et al., 2004; Vetting et al., 2005;
Watson et al., 2002). Although there is no significant se-
quence similarity among these enzymes, the striking
structural similarity suggests that FeeM should be con-
sidered the newest member of the GNAT superfamily
(Vetting et al., 2005) (the rmsd of FeeM compared to
GCN5, serotonin-N-acetyltransferase (AANAT), LasI,
and EsaI is near 1.65 A˚ for over 50% of the Ca carbons).The substrates of the GNAT superfamily members
have common characteristics. First, one substrate pro-
vides a primary amine, which is acylated by the enzyme.
These substrates include lysines in histone tails, seroto-
nin, aminoglycosides, S-adenosyl-L-methionine (SAM),
and now free amino acids. Second, the other substrate
contains a phosphopantetheine moiety in the form of
either acyl-acyl carrier protein (acyl-ACP) or acetyl-
coenzymeA (acetyl-CoA). Therefore, GNATs appear to
have evolved for the purpose of binding to the phos-
phopantetheine moiety of the substrate (Clements and
Marmorstein, 2003).
Interestingly, the enzymatic mechanism of acylation
is not conserved among the GNATs (Clements and Mar-
morstein, 2003). For example, studies of the GCN5 and
AANAT enzymes support a mechanism that involves a
direct nucleophilic attack of the deprotonated amine on
the C1 position of the acyl group (Figure 1E) (Hickman
et al., 1999). The amine is deprotonated by a water mol-
ecule that is part of a ‘‘proton wire’’ of highly ordered and
positionally conserved water molecules in the V-shaped
active site cleft between b strands 4 and 5 (Figure 1B). In
contrast, the mechanism of histone acetylation by Esa1
proceeds through a covalent thioacyl-enzyme inter-
mediate (ping-pong mechanism) (Figure 1E) (Yan et al.,
2002), while the precise mechanism of acylation used
by AHL synthases is not known (Figure 1F). FeeM per-
forms an acylation reaction (Figure 1D), which Van Wag-
oner and Clardy (2006) suggest occurs by the direct
nucleophilic attack mechanism.
The proposed mechanism of FeeM is consistent with
the putative functions of other genes in the fee operon.
The operon houses analogs of all of the genes that
would be required for the production of the acyl-tyrosine
product, including feeL itself, which encodes the ACP
homolog. Therefore, unlike the other GNATs that scav-
enge ubiquitous acetyl-CoA or acyl-ACP, FeeM appears
to have coevolved with a specialized substrate, acyl-
FeeL. In support of this, the authors demonstrate that
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1343Figure 1. GCN5-Related N-Acyltransferase Structures and Reactions
Structures of (A) FeeM with bound acyl-tyrosine (PDB entry 2g0b) (Van Wagoner and Clardy, 2006), (B) GCN5 with bound acetyl-CoA (PDB
entry 1qsr) (Rojas et al., 1999), and (C) LasI (PDB entry 1ro5) (Gould et al., 2004) are shown by ribbon representations with rainbow coloring
from blue at the N terminus to red at the C terminus. Selected bound compounds are included. b4 and b5 indicate the two b strands that form
the V-shaped cleft of the active site of this enzyme superfamily. (D–F) Schematic diagrams indicate the reactions performed by (D) N-acyl
tyrosine synthases, (E) N-acetyltransferases, and (F) AHL synthases.surface residues of FeeM and FeeL differ quite substan-
tially from canonical AHL synthases and ACPs, which
may make FeeL a better FeeM substrate than canonical
acyl-ACPs (Van Wagoner and Clardy, 2006). These dif-
ferences also may make FeeL a poorer substrate for
the canonical ACP synthase and acyl-ACP synthases,
so that optimal production of acyl-FeeL may require
specific biosynthetic enzymes; sequence analysis sug-
gests that these enzymes may also appear in the fee op-
eron (Van Wagoner and Clardy, 2006). Interestingly,
acyl-FeeL is not the sole ACP substrate for FeeM in
E. coli (Brady et al., 2004), but the relative activities for
acyl-ACP and acyl-FeeL are not yet known.
Why might FeeM have its own acyl-ACP biosynthetic
machinery? Acyl-ACP pools in bacteria are inhomoge-
neous due to multiple ACP genes and fluctuating ACP
expression levels. In addition, the acyl chains of acyl-
ACP vary in length (from 2 to >18 carbons), in the degree
of unsaturation, and in the substitution at the 3 posi-
tion of the acyl chain with carbonyl or hydroxyl groups
(Figure 1D). Colocalization of FeeM and FeeL in the
same operon means that they are coregulated and
may be produced independently of the levels of poten-
tially competing acyl-ACP in the cell. Furthermore,
a more homogeneous acyl-tyrosine may be produced
by this operon than would be possible using solely
the canonical acyl-ACP biosynthetic machinery. This
hypothesis is supported by the observation of a product
resembling lauroyl (C12)-tyrosine in the FeeM active
site (Van Wagoner and Clardy, 2006), as the fee operonexpressed in E. coli may produce acyl-FeeL with an
acyl chain length of 12 carbons with no unsaturation
or additional substitutions. However, the activity of
FeeM with a synthetic octanoyl-FeeL in enzymatic as-
says suggests that FeeM can also act on acyl-FeeL
substrates with different acyl-chain lengths. Therefore,
the fee operon may have evolved to avoid the use of
canonical ACPs for production of the acyl-tyrosine sup-
ply in the cell. However, what acyl chain lengths acyl-
FeeL actually carries in vivo, and what acyl chain
length specificity FeeM has, are interesting unanswered
questions.
The structural characterization of FeeM raises the
question of whether there is an undiscovered role for
acyl-amino acids in intercellular bacterial signaling.
The importance of AHL cell-cell signaling system in
gram-negative bacteria has been well established (Fu-
qua et al., 2001). Furthermore, acyl-amino acids have
been discovered in neuronal signaling pathways in
higher eukaryotes (Huang et al., 2001). By analogy,
then, the acyl-amino acids produced by FeeM may
also be diffusible signals with receptors that recognize
the specific amino acid and acyl chain. That a separate
operon exists for precise control of the enzyme-sub-
strate pair FeeM and acyl-FeeL is consistent with this
idea, as a homogeneous signal could be produced
with less influence from canonical fatty acid biosynthe-
sis pathways. The parallels between the FeeM system
and known acyl-amino acid signaling systems are in-
triguing and await confirmation in vivo.
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